INTRODUCTION
============

Epstein--Barr virus (EBV) is a γ-herpesvirus and as such is characterized by a tropism for lymphocytes and its ability to persist in memory B cells for the lifetime of the infected host. This results in EBV asymptomatically infecting \>90% of the human population. *In vitro*, EBV can very efficiently induce the activation and continuous proliferation of resting human B cells---sometimes called immortalization. The resulting lymphoblastoid cell lines (LCLs) carry the viral genome as extra-chromosomal episomes and express only nine latency-associated EBV proteins. There are six nuclear antigens (EBNAs 1, 2, 3A, 3B, 3C and LP), three membrane proteins (LMP1, LMP2A and LMP2B) and in addition several RNA species---including multiple microRNAs. Together these factors activate the quiescent B cells from G0 into the cell cycle, initiate and sustain proliferation and maintain the viral genome in its extra-chromosomal state \[reviewed in ([@gks391-B1; @gks391-B2; @gks391-B3])\].

EBV can be the causative agent in the benign self-limiting lymphoproliferation, infectious mononucleosis (IM). Uncontrolled proliferation of similar B cells in the immunocompromised can result in a fatal form of IM, chronic B-lymphoproliferative disease or rarely the development of malignant lymphoma ([@gks391-B4]). In normal individuals it appears that proliferation of the infected B cells is controlled by potent signals that trigger differentiation and also the action of EBV-specific cytotoxic T lymphocytes that recognize and destroy the proliferating B-blasts ([@gks391-B5],[@gks391-B6]). Individuals co-infected with malaria (mainly children) or HIV (mainly adults) are at increased risk of developing EBV-associated B cell lymphomas, including Burkitt's lymphoma (BL) and diffuse large B cell lymphoma (DLBCL) ([@gks391-B2],[@gks391-B4]).

EBNA3A, 3B and 3C are considered to comprise a family which probably arose in γ-herpesvirus evolution by a series of gene duplication events since they share limited but significant amino acid sequence homology, have the same gene structure (i.e. a short 5′-coding exon and a long 3′-coding exon) and are arranged in tandem in the EBV genome. All EBNA3 transcripts are alternatively spliced from very long mRNAs generally initiated at the Cp latency promoter; LCLs have only a few copies of these transcripts per cell, suggesting their expression is very tightly regulated and the turnover of the EBNA3s is very slow ([@gks391-B2],[@gks391-B7]). Although they are ancestrally related, have limited homology and share certain features, there is nothing to suggest that these three large (\>900 amino acids) proteins have extensively redundant functions \[reviewed in ([@gks391-B2])\]. Genetic studies using recombinant viruses indicated that EBNA3A and EBNA3C are essential for the efficient *in vitro* transformation of B cells into LCLs, whereas EBNA3B is completely dispensable ([@gks391-B2],[@gks391-B8]).

All three EBNA3 proteins bind to the cellular DNA-binding factor RBP-JK (also known as CBF1). This is the same protein that binds, and targets to DNA, the EBV transactivator EBNA2 and the Notch-IC effector of the Notch signalling pathway. EBNA3A, 3B and 3C bind to the same site on RBP-JK/CBF1 as EBNA2 and can all inhibit EBNA2-mediated activation of the LMP2 promoter and can repress Cp reporter plasmids and plasmids containing multiple RBP-JK/CBF1-binding sites derived from Cp ([@gks391-B9; @gks391-B10; @gks391-B11; @gks391-B12]). Since Cp is generally the promoter for all EBNA mRNA initiation in LCL cells, it is widely assumed that the EBNA3 proteins contribute to a negative auto-regulatory loop. In addition all three EBNA3s exhibit robust repressor activity when targeted directly to DNA by fusion with the DNA-binding domain of Gal4 ([@gks391-B9],[@gks391-B13; @gks391-B14; @gks391-B15], and our unpublished data). They also interact with one or more cellular factors involved in transcriptional repression or silencing; these include histone deacetylases (HDACs) and CtBP ([@gks391-B15; @gks391-B16; @gks391-B17; @gks391-B18], and our unpublished results).

Consistent with EBNA3A and EBNA3C being oncoproteins, both can independently co-operate with oncogenic Ras in the transformation and immortalisation of primary rodent fibroblasts ([@gks391-B15],[@gks391-B19]). Since this type of assay identifies factors that overcome the outcomes of constitutive oncogenic signalling or 'oncogenic stress' ([@gks391-B20],[@gks391-B21]), it suggested that EBNA3A and EBNA3C might play similar roles in the transformation of B cells and EBV-associated lymphomagenesis.

Epigenetic \[i.e. heritable in the absence of changes to DNA sequence ([@gks391-B22])\] gene silencing is most commonly associated with methylation of cytosine in CpG dinucleotides of DNA at gene promoters. However, repression mechanisms involving covalent modification of histones that are common in development can sometimes act as primers for DNA methylation (see below). One of the best characterized of these involves repression of transcription by the polycomb repressive complex 2 (PRC2). This multiprotein complex mediates repression through the histone methyltransferase activity of one of its components, EZH2, that catalyzes trimethylation of H3K27 \[reviewed in ([@gks391-B23; @gks391-B24; @gks391-B25; @gks391-B26])\]. Other components of PRC2 are SUZ12, EED and RbAp46/48 and recently an ancillary factor, JARID2, has been identified as being essential for recruitment of PRC2 to some polycomb-target genes ([@gks391-B27; @gks391-B28; @gks391-B29; @gks391-B30; @gks391-B31]). It remains unclear how the polycomb proteins are recruited to specific promoters in mammalian cells, although sequence context is probably important and a preference for regions rich in CpG dinucleotides \[CpG-islands (CGIs)\] has been reported ([@gks391-B32]). However, for most target genes, it remains to be determined whether specificity comes from sequence-specific transcription factors, PRC2-interacting RNA species or yet to be identified mechanisms \[reviewed in ([@gks391-B23],[@gks391-B26],[@gks391-B33; @gks391-B34; @gks391-B35; @gks391-B36; @gks391-B37])\]. H3K27me3 can result in the binding of a second complex, PRC1, which in mammals includes BMI1, MEL18, RING1 and CBX family members \[reviewed in ([@gks391-B23],[@gks391-B26])\]. PRC1 mediates chromatin compaction ([@gks391-B38]) and the local formation of heterochromatin, and together with PRC2, increases the chances of the more stable CpG methylation mark being deposited---particularly in the development of cancer \[([@gks391-B39; @gks391-B40; @gks391-B41; @gks391-B42; @gks391-B43; @gks391-B44]), reviewed in ([@gks391-B45])\]. Although recent evidence suggests H3K27me3 is stable and heritable ([@gks391-B46],[@gks391-B47]), the modification can be rapidly removed by demethylase enzymes such as JMJD3 ([@gks391-B48]). Moreover, if a promoter carries H3K27me3 and simultaneously has the activation-associated modification H3K4me3 at the same locus, it is repressed but is described as 'bivalent' and thought to be poised for rapid reactivation. Genes with such bivalent domains are common in stem cells ([@gks391-B49]).

We have demonstrated that all three EBNA3 proteins can manipulate the expression of several hundred cellular genes and that they often act co-operatively to induce epigenetic chromatin modifications on target genes ([@gks391-B50]). In the case of p16^INK4A^ we showed that the repression of transcription involves the covalent K27me3 modification of histone H3 at the *p16^INK4A^* promoter and that this requires expression of EBNAs 3A and 3C and involves polycomb complexes ([@gks391-B51]).

Regulation of the gene encoding BIM (*BCL2L11*) by EBV involves repression of transcription that in EBV-positive BL can result in CpG methylation of DNA across a large CpG island at the 5′-end of the gene ([@gks391-B52]). However, the data suggest that DNA methylation was a secondary event following an EBV-induced histone modification that probably involves polycomb proteins. Here, using EBV-negative BL cell lines infected with various BAC-derived recombinant EBVs, we explore the nature of *BIM* repression and determine the contribution of the EBNA3 proteins and components of the polycomb system.

MATERIALS AND METHODS
=====================

Cell culture and treatments
---------------------------

All B cell lines were cultured in RPMI-1640 medium (Invitrogen), supplemented with 10% foetal bovine serum, penicillin, streptomycin, 1 mM sodium pyruvate (Sigma) and 50 µM α-thioglycerol. Hygromycin B (Roche) was added to cultures (100 µg/ml) of BL cell lines containing hygromycin-resistant recombinant EBV \[BL31 and BL2 panels, described in ([@gks391-B50],[@gks391-B53])\]. LCLs are described in ([@gks391-B53],[@gks391-B54]).

BL31 WT cell lines with either BMI1, SUZ12 or JARID2 depleted were produced by infection of BL31 WT with MISSION® shRNA Lentiviral Transduction Particles from Sigma (BMI1: \#TRCN0000020155; SUZ12: \#TRCN0000038728; JARID2: \#TRCN0000107367; Non-targeting: \#SHC002V). Stable cell lines were grown out with selection in medium containing 1 µg/ml puromycin dihydrochloride (Sigma).

BL31 cells expressing a conditional EBNA3C (BL31 3CHT) were grown in 400 nM 4-hydroxytamoxifen (HT, Sigma). To remove HT, cells were washed twice with medium not containing HT and re-suspended in the same volume of non-HT medium. Production of 3CHT BAC viruses and the protocol for BL31 infections have been described ([@gks391-B51],[@gks391-B53]).

Recombinant tagged EBNA3C viruses and cell lines
------------------------------------------------

In order to generate cell lines expressing EBNA3C protein tagged with an epitope suitable for ChIP isolation, we have produced recombinant EBVs containing EBNA3C with an extended c-terminus composed of a tandem Strep-tag II followed by a c-terminal FLAG-tag (TAP-tag) ([@gks391-B55]). The TAP-tag is separated from EBNA3C by the peptide linker PGSQGGDG, with a Not I restriction site after the end of the tag. The tagged gene was introduced into the B95-8 EBV-BAC genome using a markerless RecA-mediated recombination system ([@gks391-B56]). The two independent but identically produced recombinant EBV-BACs (3C-TAP-1 and 3C-TAP-2) were used to produce recombinant viruses from HEK293 cell lines, and these viruses were used to infect BL31 cells using previously described protocols ([@gks391-B53],[@gks391-B57],[@gks391-B58]). For episome rescue, low molecular weight DNA was electroporated into competent DH10B *Escherichia coli*, and recovered EBV-BAC clones were analysed by pulsed- field gel electrophoresis as previously described ([@gks391-B59]).

Western immunoblotting
----------------------

Western immunoblotting was performed essentially as previously ([@gks391-B7],[@gks391-B53],[@gks391-B60]). Whole-cell extracts were used when probing for histone H3. Each western blot was performed at least twice and representative results are shown. The antibodies used in this study are given in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks391/DC1).

Precipitation of methylated DNA
-------------------------------

Genomic DNA was extracted using the Qiagen DNeasy midi kit. DNA re-suspended at 1 mg/ml in 200 µl of dH~2~O was sonicated in a Diagenode Bioruptor Standard sonicator with 1.5-ml tube holder at high setting for 10 min to produce 200- to 1000-bp fragments. Methylated DNA was precipitated from 1 µg of sonicated DNA using the MethylCollector Ultra kit (Active Motif, 55005), according to the manufacturer's instructions. Precipitated DNA was analysed by quantitative PCR (Q-PCR) using the Platinum SYBR Green qPCR SuperMix-UDG kit (Invitrogen). The samples were run in an ABI 7900 HT real time PCR machine. The cycling conditions were 50°C for 2 min, 95°C for 2 min and then 40 cycles of 95°C for 15 s, 60°C for 60 s. The controls and analysis were the same as described previously ([@gks391-B52]). The primers used are shown in [Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gks391/DC1).

Chromatin immnoprecipitations
-----------------------------

A chromatin immunoprecipitation (ChIP) assay kit from Millipore (17-295) was used, according to the manufacturer's protocol. To obtain sheared chromatin with DNA of 200--1000 bp in length, extracted chromatin from 1 × 10^6^ cells per ChIP was sonicated using a Diagenode Bioruptor Standard sonicator with 1.5-ml tube holder at high setting for 12.5 min. The antibodies used for immunoprecipitation are shown in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks391/DC1). DNA from precipitated chromatin was quantified as for precipitated DNA above. Controls and analysis were the same as described previously ([@gks391-B52]). Primers used are given in [Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gks391/DC1).

Quantification of mRNA
----------------------

RNA was extracted from 3 × 10^6^ cells for each line, using the Qiagen RNeasy mini kit, according to the manufacturer's instructions. Approximately 1 µg of RNA was used to reverse transcribe and produce cDNA with Invitrogen's SuperScript III First-strand Synthesis Supermix, according to the manufacturer's protocol. The cDNA was then quantified by Q-PCR with Applied Biosystems' 7900 HT real time PCR machine under the same conditions as described above. Approximately 20 ng of cDNA was used for each reaction. Standard curves of typically five 10-fold serial dilutions of a mixture of all cDNAs from each experiment were used to determine the efficiency of each primer pair. Values for mRNAs under inspection were normalized for each sample using the values for housekeeping gene *GNB2L1* as an internal control. Errors given in graphs are the standard deviations from three replicate reactions for each assay and the corresponding control from each sample. The sequences of the primers used in this study are given in [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks391/DC1).

RESULTS
=======

Repression of *BIM* expression by EBV is associated with H3K27me3 at the promoter and requires both EBNA3A and EBNA3C
---------------------------------------------------------------------------------------------------------------------

In order to investigate the roles of EBNA3A and EBNA3C in the regulation of cellular gene expression, a panel of cell lines based on the EBV-negative BL-derived line BL31 were established and characterized ([@gks391-B50],[@gks391-B53]). Here a selection of these were subjected to western blot analysis to confirm our previous observation that BL31 expressed high levels of BIM protein and that this was substantially reduced in BL31 latently infected *in vitro* with wild-type (WT) EBV-BAC-derived virus ([Figure 1](#gks391-F1){ref-type="fig"}A). This analysis also confirmed that in BL31 infected with recombinant viruses from which *EBNA3A* or *EBNA3C* genes were deleted, BIM expression was not repressed and remained at a similar level to that in BL31 ([Figure 1](#gks391-F1){ref-type="fig"}A). Revertant (REV) viruses reconstituted with the genes that had previously been deleted behaved---as expected---like the WT EBV and repressed BIM expression. Figure 1.Epigenetic marks that are influenced by EBNA3A and EBNA3C during the repression of *BIM* by EBV. (**A**) The levels of BIM protein (whose predominant isoform is the extra-large BIM~EL~) were assayed by western blotting protein extracts from BL31 cell lines. BIM levels in uninfected BL31 or BL31 infected with the wild-type (B95.8-BAC) EBV (WT), or viruses with each individual EBNA3 knocked out (KO) and the revertant viruses (REV) are shown. In all the EBNA3A and EBNA3C knockouts BIM levels are similar to the levels observed in the uninfected cells. The expression of γ-tubulin is shown as a control for the amount of protein loaded. (**B**) Schematic of the *BIM* locus showing the approximate locations of the CpG island, TSS, BIM start codon and the PCR primer pairs used in this study (A--J). (**C**) Methylated DNA precipitation was used to assess whether DNA methylation at the *BIM* promoter was responsible for repression of BIM expression. The histogram bars represent fold enrichment for co-precipitated DNA relative to input DNA, as determined by Q-PCR. The height of the bars represents the abundance of the epigenetic mark at the locus assessed by each primer set. Uninfected BL31 cells, BL31 infected with WT EBV, or EBNA3 knockouts (KO) or the revertant viruses were tested. DNA from peripheral blood mononuclear cells (PBMC) and *in vitro* methylated PBMC DNA were used as negative and positive controls respectively. The error bars represent the standard deviation from triplicate Q-PCR assays. (**D**) The same panel of BL31 cell lines as in (C) was used to assess the abundance of the H3K27me3 mark across the *BIM* promoter by ChIP analysis. The histogram bars represent the ratio of chromatin precipitated with an antibody specific for the trimethylated form of H3K27 (H3K27me3), relative to 5% of input, after values from negative control IgG precipitation were subtracted as background. The error bars represent the standard deviation from triplicate PCR assays. (**E**) ChIP analysis for total histone H3 associated with the *BIM* promoter, presented as in (D). (**F**) Western blot with antibody against H3K27me3 showing the total amount of H3 with this modification in BL31 cells, BL31 cells infected with the wild-type virus, EBNA3A KO, EBNA3C KO and revertant viruses. Expression levels of histone H3 and γ-tubulin were used as loading controls.

Flanking the *BIM* transcription start site (TSS) is a remarkably large CGI that extends for ∼6 kb (<http://genome.ucsc.edu/cgi-bin/hgGateway>; [Figure 1](#gks391-F1){ref-type="fig"}B). We previously showed that in various EBV-positive B cell lines and primary BL samples significant DNA methylation across this region could be detected, but this was absent in EBV-negative equivalents ([@gks391-B52]). However analysis of several BL cell lines, including BL31, that were newly infected with EBV and also recently established LCLs revealed that although *BIM* transcription was repressed, there was little or no CpG methylation but rather the epigenetic repressive histone modification H3K27me3 was evident. Because of the apparently progressive nature of DNA methylation across the *BIM* CGI, a panel of low passage BL31-derived cell lines was subjected to methylated-DNA precipitation (MeDP) coupled with quantitative real-time PCR analysis using primer-pairs (A--F) as indicated ([Figure 1](#gks391-F1){ref-type="fig"}B). Primary peripheral blood mononuclear cells and *in vitro* methylated genomic DNA were used as negative and positive controls respectively. All the lines analysed, irrespective of their EBV status, showed no detectable DNA methylation, as judged by MeDP, across a region extending from ∼8 kb upstream of the *BIM* TSS to the start codon---indicating that here histone modification was the most likely mode of repression ([Figure 1](#gks391-F1){ref-type="fig"}C).

Having shown in these EBV-infected BL31 cells that CpG methylation was not established at *BIM*, ChIP with an antibody directed against H3K27me3 and quantitative PCR analyses across the CGI was performed using the same primer-pairs as for MeDP. This showed that repression correlated with deposition of the H3K27me3 mark and expression of EBNA3A and EBNA3C (in the WT-, EBNA3BKO- and the revertant-infected cell lines in [Figure 1](#gks391-F1){ref-type="fig"}D). In contrast, when either *EBNA3A* or *EBNA3C* were deleted from EBV (EBNA3AKO and EBNA3CKO) BIM expression remained high and, significantly, the amount of H3K27me3 detected across the *BIM* locus was below the background in uninfected BL31 cells. Occupancy of H3K27me3 on promoters of genes encoding Myoglobin and GAPDH were analysed in a similar manner as positive and negative controls respectively ([Supplementary Figure S1A](http://nar.oxfordjournals.org/cgi/content/full/gks391/DC1)). ChIP for total histone H3 at *BIM, Myoglobin* and *GAPDH* revealed little difference between the cell lines used ([Figure 1](#gks391-F1){ref-type="fig"}E and [Supplementary Figure S1B](http://nar.oxfordjournals.org/cgi/content/full/gks391/DC1)). This indicates that any changes in the distribution of covalent histone modifications detected are not due to alterations in nucleosome density. The effects on H3K27me3 distribution at the *BIM* promoter induced by EBNA3A and EBNA3C are specific, since the overall levels of H3K27me3 were unaffected by EBV, EBNA3A or EBNA3C ([Figure 1](#gks391-F1){ref-type="fig"}F).

EBNA3A and EBNA3C are necessary for recruitment of the PRC2 subunits SUZ12 and EZH2 to *BIM* regulatory elements
----------------------------------------------------------------------------------------------------------------

The protein complex responsible for establishing the H3K27me3 mark is PRC2. In mammals this is generally composed of a catalytic core made up of the histone methyltransferase EZH2 and subunits SUZ12, EED and RbAp46/48 (see 'Introduction' section). ChIPs for SUZ12, EZH2 and RbAp48 were performed on the panel of BL31 cell lines and analysed using the same primer-pairs as in [Figure 1](#gks391-F1){ref-type="fig"}. SUZ12 was found occupying sites throughout the *BIM* CGI with a peak corresponding to the H3K27me3 peak (primer-pairs C and D) only when wild-type EBV, the EBNA3B-knockout virus or the revertant viruses were present ([Figure 2](#gks391-F2){ref-type="fig"}A). SUZ12 binding at this locus was almost undetectable in the cells infected with EBNA3A- and EBNA3C-knockout viruses ([Figure 2](#gks391-F2){ref-type="fig"}A). These viral proteins appear to be necessary for assembly of PRC2 and the resulting deposition of H3K27me3 on the *BIM* promoter. This was confirmed by the ChIP analysis for EZH2, which had a similar distribution to SUZ12---albeit with a higher level of background binding in the uninfected BL31 cells ([Figure 2](#gks391-F2){ref-type="fig"}B). In contrast RbAp48---a chaperone that binds directly to histones H3 and H4 but is involved in targeting PRC2 to nucleosomes ([@gks391-B61; @gks391-B62; @gks391-B63])---could be detected across the locus irrespective of whether EBV (or EBNA3A and EBNA3C) were present. The levels of bound RbAp48 in the uninfected BL31 cells and BL31-EBNA3AKO were perhaps slightly lower in the experiment shown ([Figure 2](#gks391-F2){ref-type="fig"}C); however this was not a consistent finding in multiple ChIP experiments. In order to verify that the amount of RbAp48 detected at *BIM* were above background, we compared it to the levels seen at a known PRC2-target (*IRX4*) ([@gks391-B27]) and a non-PRC2-targeted gene (*MCM6*) ([@gks391-B29]) ([Supplementary Figure S1C](http://nar.oxfordjournals.org/cgi/content/full/gks391/DC1)). We were unable to identify satisfactory anti-EED antibodies for ChIP analysis of this remaining PRC2 core component. Figure 2.PRC2 occupancy across the *BIM* promoter region. The presence and abundance of PRC2 proteins was assayed by ChIP analysis of a BL31 panel of cells, as indicated. Presentation is the same as for ChIP analysis in [Figure 1](#gks391-F1){ref-type="fig"}. The region of amplification for each primer set (A--F) can be seen in [Figure 1](#gks391-F1){ref-type="fig"}B. The error bars represent the standard deviation from triplicate PCR assays. ChIP was performed using an antibody specific for (**A**) PRC2 core subunit SUZ12, (**B**) PRC2 catalytic subunit EZH2, (**C**) core subunit RbAp48, (**D**) ancillary factor JARID2.

JARID2 is a trans-acting factor that has been found co-localized with PRC2 core subunits at many loci in the mammalian genome---particularly in embryonic stem cells ([@gks391-B27; @gks391-B28; @gks391-B29; @gks391-B30]). It is thought that JARID2 can aid in the recruitment of PRC2 and perhaps also PRC1 ([@gks391-B64]) (see below). Similar ChIP analyses to those described above (but using primers corresponding to sites located more proximal to exon 1) were performed. JARID2 was found distributed around the *BIM* TSS in a similar pattern to RbAp48 and binding was not dependent on EBV, EBNA3A or EBNA3C ([Figure 2](#gks391-F2){ref-type="fig"}D). JARID2 levels at *BIM* were found to be comparable to those at the PRC2-target *IRX4* ([@gks391-B27]) and significantly higher than at the non-PRC2-targeted gene *MCM6*, ([@gks391-B29]) ([Supplementary Figure S1D](http://nar.oxfordjournals.org/cgi/content/full/gks391/DC1)).

Latent EBV does not consistently alter the expression of PRC2 components or that of the H3K27me3-demethylase JMJD3
------------------------------------------------------------------------------------------------------------------

Since EBV, and specifically EBNA3A and EBNA3C influence the recruitment of PRC2 and the pattern of H3K27me3 across the *BIM* regulatory region, it is possible that the virus may alter the expression of PRC2 subunits or of the histone demethylase JMJD3 that specifically removes the H3K27me3 mark ([@gks391-B48]). The steady-state levels of EZH2, SUZ12, EED, RbAp48 and JMJD3 were therefore assessed by western blotting protein extracts from a variety of EBV-negative and EBV-positive cell lines ([Figure 3](#gks391-F3){ref-type="fig"}). Although there were minor differences in the amounts of proteins expressed, none of these were consistently associated with the EBV or EBNA3 status of the cells. These data are consistent with the published transcriptome analyses of the BL31 cell lines \[([@gks391-B50]), <http://www.epstein-barrvirus.org.uk/>\]. The changes in PRC2 binding across the *BIM* CGI promoter cannot be explained by the general availability of PRC2 core subunits in the cell or the amount of H3K27me3 demethylase JMJD3 expressed. Figure 3.Steady-state levels of PRC2 subunits and the H3K27me2/3 demethylase JMJD3. Protein was extracted from exponentially proliferating cultures of BL41 and BL31 cells, or cells infected with EBV. BL31 cells infected with recombinant EBV with each of the EBNA3s deleted (KO) and a EBNA3 triple knockout (shown as X3) from which the whole EBNA3 locus was deleted and revertants (REV) were also used. Two LCLs, one recently transformed (RECENT) and one that has been grown in culture for several years (OLD) were included. Western blots of protein extracts were used to assess the relative amounts of PRC2 core subunits EZH2, SUZ12, EED and RbAp48 expressed. Expression of the lysine demethylase JMJD3 was also analysed and expression of γ-tubulin was used as loading control.

Short-hairpin ShRNA-mediated depletion of PcG subunits shows they are factors required for EBV-mediated repression of *BIM*
---------------------------------------------------------------------------------------------------------------------------

Roles for SUZ12 and JARID2 in the repression of *BIM* in EBV-positive B cells were suggested by their distribution across the promoter region. In addition it has been reported that, although PRC2 alone is sufficient for H3K27me3 ([@gks391-B65]), effective repression at many loci probably requires the subsequent recruitment of PRC1, a complex that has been suggested to contribute to repression by preventing transcriptional elongation from some bivalent loci ([@gks391-B66]). Therefore in order to formally assess the contribution of SUZ12 (an essential component of PRC2), JARID2 and the other polycomb complex PRC1 in the EBV-mediated repression of BIM expression, BL31 cells infected with EBV (BL31 WT) were stably transduced with lentiviruses that produce shRNAs specific for SUZ12, JARID2 or the PRC1 core subunit BMI1. These produced cell lines from which the targeted RNA and protein were depleted, but never completely absent ([Figure 4](#gks391-F4){ref-type="fig"}). Cells transduced with viruses producing a non-targeted RNA were included as a control. Independently depleting any of these three factors produced an increase in both BIM mRNA and protein, indicating an essential role for each in the repression achieved by EBV via EBNA3A and EBNA3C ([Figure 4](#gks391-F4){ref-type="fig"}). In the case of JARID2, only the level of mRNA was measured, since we were unable to identify a reliable antibody for western blotting the human JARID2 protein (data not shown). However, JARID2 was found to be involved in EBV-mediated recruitment of SUZ12 at *BIM*, since depleting JARID2 in EBV-infected cells significantly reduced SUZ12 occupancy; in the SUZ12 knock-down cells binding of SUZ12 at *BIM* was nearly completely ablated ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gks391/DC1)). Figure 4.BMI1, SUZ12 and JARID2 are necessary for robust repression of BIM in EBV-infected cells. BL31 cells infected with wild-type (B95.8-BAC) EBV were superinfected with lentiviruses expressing shRNAs specifically targeting BMI1, SUZ12 or JARID2 mRNAs. Cells superinfected with a lentivirus expressing a 'scrambled', non-targeting shRNA were used as negative controls. (**A**) Quantitative real-time RT--PCR was performed to show the effects on mRNA levels for each factor. The histogram bars represent values relative to housekeeping gene *GNB2L1*. The error bars represent standard deviation from three replicate assays. **(B**) Western blots showing the depletion of the relevant proteins and effects on BIM expression. It should be noted that in our hands human JARID2 is not reliably detected with any of the antibodies available. The predominant isoform of BIM protein (BIM~EL~) was western blotted to show the effect on its abundance resulting from the depletion of BMI1, SUZ12 or JARID2.

H3K4me3 modification and RNA polymerase II (Pol II)-binding to *BIM* remain unaffected by EBV, but EBNA3A and EBNA3C together inhibit the initiation of transcription
---------------------------------------------------------------------------------------------------------------------------------------------------------------------

In mammalian development, the promoters of genes regulated by the polycomb system are often found in a 'bivalent' state (see 'Introduction' section). That is, in addition to carrying repressive H3K27me3 marks that are associated with non-expressing genes, they simultaneously carry the H3K4me3 mark, generally associated with activation, and Pol II phosphorylated on Ser5 bound at the TSS ([@gks391-B67],[@gks391-B68]). Such promoters are considered to be poised for rapid reactivation.

ChIP analysis was performed for the H3K4me3 modification and analysed using the same primer set as for H3K27me3 and PRC2 components ([Figure 5](#gks391-F5){ref-type="fig"}A). The apparent distribution of H3K4me3 was closer to the TSS (primers E and F) and, in contrast to H3K27me3, was consistently found in all the cells examined irrespective of EBV or EBNA3 status. These data suggested that the *BIM* promoter might be maintained in a bivalent, poised state by latent EBV. ChIP analyses were performed using pan-specific anti-Pol II antibodies and primer pairs located upstream and downstream of the TSS. This showed that Pol II was bound at or near the TSS in all the cells, irrespective of the level of BIM expressed, also consistent with the promoter being in a bivalent state ([Figure 5](#gks391-F5){ref-type="fig"}B). However, further ChIP analyses using antibodies directed against Pol II phosphorylated at Ser5 consistently showed that EBV suppressed the establishment of this modification to the bound Pol II ([Figure 5](#gks391-F5){ref-type="fig"}C), but EBNA3A- or EBNA3C-deleted EBV failed to suppress phosphorylation on Serine 5 of Pol II. These data show that the *BIM* promoter is not a classical bivalent domain and that EBV via EBNA3A and EBNA3C blocks initiation of *BIM* transcripts rather than Pol II recruitment or transcript elongation (discussed in more detail below). Genes encoding Myoglobin and GAPDH were used as controls for the efficiency and specificity of H3K4me3, Pol II and Phospho-Ser5 Pol II ChIPs ([Supplementary Figure S1E--G](http://nar.oxfordjournals.org/cgi/content/full/gks391/DC1)). Figure 5.H3K4me3 and RNA polymerase (Pol) II occupancy on the *BIM* promoter. ChIP was performed on extracts from the BL31 panel of cells. Values represent ratio of chromatin precipitated relative to 5% of input. (**A**) An antibody specific for the tri-methylated form of H3K4 (H3K4me3) was used for ChIP. (**B**) N20 antibody that recognises an epitope located at the N-terminal of the largest subunit of Pol II, RPB1 was used. This antibody precipitates total Pol II, irrespective of the phosphorylation state of the C-terminal repeat domain (CTD) of RBP1. The regions of *BIM* investigated included one adjacent to the TSS (F) and one located downstream (H). (**C**) An antibody that specifically detects phospho-Ser5 Pol II was used.

Data from ChIP analysis of *BIM* with antibodies against phosphorylated Pol II at Ser2 were consistent with these results and indicate that when EBNA3A or EBNA3C are absent, as one would predict, not only transcription initiation but also productive elongation of the transcripts occurs ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks391/DC1)).

In order to establish that these EBV-associated epigenetic modifications of *BIM* were not restricted to BL31, a second EBV-negative BL-derived line (BL2) and its EBV-carrying 'converts' were analysed in a similar manner ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gks391/DC1)). Although parental BL2 fails to express detectable BIM protein due to homozogous deletion ([@gks391-B69]), the CGI and 5′-regulatory region are intact and regulation of chromatin and Pol II modification by EBV appears to be essentially the same as in BL31.

PcG-mediated repression of *BIM* by EBV is only slowly reversed
---------------------------------------------------------------

Bivalent domains are said to be 'poised' and able to rapidly switch between repression and productive transcription \[reviewed in ([@gks391-B67],[@gks391-B68])\]. It is believed that this fast switching between states can be facilitated in part because the Pol II at these domains is already phosphorylated at Ser5, thus being only one step from productive elongation of transcripts. H3K27me3 appears to be a *bona fide* stable epigenetic mark that can facilitate its own propagation through cell divisions ([@gks391-B46],[@gks391-B47]), so it may be important that activating a repressed or silenced promoter can be triggered by the enzymatic removal of H3K27me3 by a specific demethylase such as JMJD3 ([@gks391-B70],[@gks391-B71]). EBV-mediated repression of *BIM* appears to be regulated by PcG complexes and the H3K27me3 modification, but *BIM* is not classically 'poised', so we wanted to investigate whether the repressed state was reversible.

In order to study de-repression of *BIM* we made use of an EBV-BAC virus carrying a gene encoding EBNA3C fused to a modified oestrogen receptor ([@gks391-B51]). The activity of the EBNA3C protein produced (EBNA3C-HT) is dependent on the presence of the activating ligand 4-HT in the growth medium. This virus was used to infect BL31 cells and produce stable lines BL31-3CHT 1 and 2. These were established with HT in the medium to maintain EBNA3C function. For the analysis of the chromatin changes during *BIM* de-repression, BL31-3CHT cells were washed in fresh medium and grown without HT for up to 34 days. In the absence of HT the EBNA3C fusion is inactivated by nuclear exclusion, association with heat-shock proteins and proteolytic degradation ([@gks391-B51],[@gks391-B72]). Western blots of protein extracts from cells without HT and similar cells grown in parallel with HT showed that inactivation of EBNA3C was indeed associated with a very gradual increase in the level of BIM protein ([Figure 6](#gks391-F6){ref-type="fig"}A). ChIP assays (quantified with PCR primers A--F), were used to assess the distribution of H3K27me3, SUZ12, H3K4me3, total Pol II, Pol II phospho-Ser5 and JARID2 ([Figure 6](#gks391-F6){ref-type="fig"}B). Consistent with the gradual de-repression and accumulation of BIM, after 34 days without HT, SUZ12 was no longer detectable on the *BIM* promoter and H3K27me3 was considerably reduced. Concomitantly Pol II phospho-Ser5 increased. Consistent with the results shown above the H3K4me3 modification and the amount of bound Pol II and JARID2 remained relatively unchanged. Since these cells complete the cell cycle about once every 24 h, they would probably have undergone more than 30 divisions before the H3K27me3 mark was completely erased. This suggests that the epigenetic repression of *BIM* is relatively stable through multiple generations and unlikely to involve the rapid active removal of H3K27me3 by JMJD3. Figure 6.H3K27me3-associated repression of *BIM* is reversible in BL31 cells. Two independent lines of BL31 infected with BAC-derived EBV expressing conditional EBNA3C-HT were used. Half of the cells established and cultured in the presence of the activating ligand 4-HT (+HT) were washed and re-suspended in medium without HT (WASHED) and cultured without HT for the number of days indicated. Cells from the original culture were grown in parallel with HT as a control population. (**A**) EBNA3C-HT and BIM~EL~ expression were followed by western blot analysis, as before γ-tubulin was used as loading control. (**B**) ChIPs were performed on samples taken after 34 days in the presence or absence of HT to assess the occupancy of the promoter by H3K27me3, SUZ12, Pol II phosphorylated at Ser5, H3K4me3, total Pol II and JARID2. Values represent ratio of chromatin precipitated, after correction for IgG, relative to 50% of input. ChIPs were performed as described above using the primer sets indicated.

Epitope-tagged EBNA3C expressed at physiological levels in the context of latent infection directly targets EBV-repressed promoters and physically interacts with EBNA3A
------------------------------------------------------------------------------------------------------------------------------------------------------------------------

It has been shown that both EBNA3A and EBNA3C associate with chromatin modifiers, including HDACs (see 'Introduction' section) and that HDACs are involved in the repression of *BIM* ([@gks391-B52]), but so far we have been unable to show a direct association of EBNA3A or EBNA3C with any PRC2 subunits. Furthermore, the slow process of de-repression following EBNA3C-HT inactivation could mean that the effects of EBNA3A and EBNA3C are indirect.

It was therefore necessary to test whether EBNA3A and EBNA3C directly target the *BIM* promoter, but we were unable to perform reliable ChIPs using existing antibodies against either EBNA3A or EBNA3C. Consequently the B95.8 EBV-BAC system was used to generate a tandem-affinity-purification (TAP) tag, \[consisting of a Strep and a FLAG tag ([@gks391-B55])\], at the c-terminus of EBNA3C in the virus ([Figure 7](#gks391-F7){ref-type="fig"}A). The BACs were analysed by restriction enzyme digestion and pulsed-field gel electrophoresis ([Figure 7](#gks391-F7){ref-type="fig"}B) and then used to produce virus to infect BL31 cells. The infected BL31 cells (BL31 3C-TAP-1 and -2), expressing tagged EBNA3C (EBNA3C-TAP) were validated by western blot for the expression of EBV latent proteins ([Figure 7](#gks391-F7){ref-type="fig"}C). Viral genome integrity in these cell lines was confirmed by episome rescue ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gks391/DC1)). Figure 7.Creation and validation of cell lines infected with EBV that expresses epitope-tagged EBNA3C. (**A**) Schematic showing the addition of the tandem-affinity-purification (TAP) tag at the c-terminus of EBNA3C (3C-TAP) in the context of the B95.8-BAC-derived virus used in this study. (**B**) Validation of BAC DNA. Two independent BACs were created (3C-TAP-1 and -2). BAC DNA for each was analyzed by restriction digestion with NotI and EcoRI, followed by pulsed-field gel electrophoresis. Addition of the tag creates a NotI site in the 36.8-kb fragment containing the EBNA3s in the wild-type BAC, marked with (+). NotI digestion of the tag-containing BACs results in two new bands (20.8 and 16.1 kb), marked with asterisk. A diagnostic EcoRI digestion shows no unintended changes were introduced during addition of the tag. (**C**) Validation of cell lines after infection with the TAP-tagged viruses. Protein was extracted from uninfected BL31 cells, cells infected with wild-type virus, or cells infected with the two tagged-viruses and assayed by western blot for the presence of the EBV latent proteins as indicated. Expression of γ-tubulin was used as loading control.

EBNA3C-TAP was able to successfully participate in the repression of *BIM* and reduce the level of the protein, although not quite as efficiently as unmodified EBNA3C ([Figure 8](#gks391-F8){ref-type="fig"}A). However, the mode of repression was the same as for wild-type, with a significant increase in H3K27me3 at the *BIM* promoter, relative to uninfected cells ([Figure 8](#gks391-F8){ref-type="fig"}B). Figure 8.TAP-tagged EBNA3C binds promoters of *BIM* and *RASGRP1* and is co-precipitated with EBNA3A. **(A**) Western blot showing BIM levels in BL31 and after infection with B95.8-BAC (WT) or EBNA3C-TAP tagged viruses. Expression of γ-tubulin used as loading control. (**B**) ChIP analysis showing H3K27me3 levels at the *BIM* promoter in BL31 and following infection with WT or an EBNA3C-TAP virus. Values represent ratio of chromatin precipitated, after correction for IgG, relative to 5% of input. (**C**) ChIP analysis using an anti-FLAG antibody to precipitate EBNA3C-TAP and chromatin associated with it in BL31 3C-TAP-1 cells. Similar ChIP was performed in cells infected with the B95.8-BAC virus (BL31 WT) as a control for antibody specificity. Occupancy of EBNA3C-TAP across the *BIM* promoter is shown (primer sets B, D, F, G). No binding was detected at a negative control promoter (*Myoglobin*), but it was at the promoter of *RASGRP1*, another gene that is repressed by EBNA3C ([@gks391-B50]). (**D**) Immunoprecipitation was performed with a mouse anti-FLAG antibody using BL31 3C-TAP-1 cells and BL31 WT cells (as a control for antibody specificity). Mouse IgG was used for negative control immunoprecipitations. Precipitates were compared to 10% of input after western blots were probed for EBNA3A (WB: EBNA3A) and EBNA3C (WB: EBNA3C).

Anti-FLAG antibody was then used to immunoprecipitate EBNA3C-TAP from BL31 3C-TAP-1 cells. Q-PCR analysis of the ChIPed DNA showed that EBNA3C-TAP was enriched at *BIM*, close to the TSS (primers F and G), relative to background established by analysis of the *Myoglobin* gene and the signal from ChIP of cells expressing non-tagged EBNA3C ([Figure 8](#gks391-F8){ref-type="fig"}C). EBNA3C-TAP also localized at the promoter of *RASGRP1*, a gene we have shown previously is epigenetically repressed by EBV when EBNA3C is expressed ([@gks391-B50]) ([Figure 8](#gks391-F8){ref-type="fig"}C). Similar results were obtained when a second independently established BL31 line expressing EBNA3C-TAP (BL31 3C-TAP-2) was analysed ([Supplementary Figure S6A](http://nar.oxfordjournals.org/cgi/content/full/gks391/DC1)).

Lacking the appropriate reagents to perform ChIP for EBNA3A directly, we tested whether there was any physical interaction between EBNA3A and EBNA3C-TAP in infected cells. Immunoprecipitation with an anti-FLAG antibody showed that not only was EBNA3C-TAP precipitated, but EBNA3A was co-precipitated ([Figure 8](#gks391-F8){ref-type="fig"}D). The anti-FLAG antibody did not cross-react with or precipitate EBNA3A or EBNA3C from BL31 WT cells ([Figure 8](#gks391-F8){ref-type="fig"}D). The interaction between EBNA3A and EBNA3C was confirmed by showing an anti-EBNA3A antibody could precipitate both proteins from an LCL ([Supplementary Figure S6B](http://nar.oxfordjournals.org/cgi/content/full/gks391/DC1)).

DISCUSSION
==========

In this study we have provided formal proof that when EBV represses *BIM* transcription in B cells, expression of both EBNA3A and EBNA3C is necessary for the assembly of PRC2 on the *BIM* promoter and the deposition of the epigenetic repressive mark H3K27me3. It appears that in uninfected BL31 cells, RbAp48 and JARID2 associate with the chromatin proximal to the *BIM* TSS and that EBV infection is necessary to recruit SUZ12 and EZH2 to establish functional PRC2. Furthermore we show that when B cells are infected with EBV co-expressing EBNAs 3A and 3C, the *BIM* CGI adopts characteristics of a bivalent promoter with both H3K27me3 and H3K4me3 present. These data are consistent with genome-wide ChIP screens that have identified the *BIM* locus as a PRC2 target with a promoter showing the characteristics of a bivalent domain in embryonic stem cells \[e.g. ([@gks391-B73])\]. Importantly, we have shown for the first time that EBNA3C is directly targeted to the *BIM locus* and another promoter it regulates. Furthermore, EBNA3C physically interacts with EBNA3A in infected cells.

Although PRC2 binding represses gene expression, the promoters of active genes and those with bivalent chromatin are occupied by similar amounts of Pol II, but on bivalent promoters it is generally in a paused state that fails to elongate productive transcripts. This is because Pol II bound at bivalent genes is usually characterized by high levels of serine 5 phosphorylation, but not the serine 2 phosphorylation that is necessary for transcript elongation ([@gks391-B31],[@gks391-B74]). It was therefore surprising to find that when *BIM* is repressed by EBV, EBNA3A and EBNA3C are not only responsible for the recruitment of PRC2, but also the inhibition of serine 5 phosphorylation on Pol II bound at the TSS of this apparently bivalent promoter. This suggests that EBNA3A and EBNA3C co-operate to influence both polycomb complex assembly on *BIM* and inhibition of the TFIIH kinase activity normally catalyzed by CDK7 ([@gks391-B75; @gks391-B76; @gks391-B77]). Although it is presently unclear whether PRC2 assembly and TFIIH kinase activity are linked---either generally or specifically in latent EBV infection---we have seen that even when EBV is present, inhibition of the kinase activity here requires PRC2. Specifically, when SUZ12 was knocked-down in WT EBV-infected cells BIM expression increased, hence transcript elongation must have taken place. This was accompanied by an increase in the abundance of the initiated Ser5 phosphorylated form of Pol II at *BIM* (data not shown).

Although the regulation of *BIM* by EBV has been dissected in two EBV-negative BL cell lines infected *in vitro* with EBV, an equivalent distribution of H3K27me3 on *BIM* was found in several LCLs that were immortalized by B95.8 EBV ([@gks391-B52], and data not shown). Furthermore an unbiased global ChIP-seq analysis identified the human *BIM* promoter as bivalent in the LCL GM12878 as well as in embryonic stem cells (UCSC Genome Browser v257/ENCODE/Broad---<http://genome.ucsc.edu/cgi-bin/hgTracks>).

It remains to be determined precisely how EBNA3A and EBNA3C co-operate to induce the assembly of PRC2 on the *BIM* promoter and also block phosphorylation of serine 5 on Pol II, but EBNA3C, at least, is physically present at the promoter so the process is probably direct. A recent report showed that EBNA3A and EBNA3C have the capacity to interact in the yeast-two-hybrid system ([@gks391-B78]) and here we have shown their physical interaction by co-immunoprecipitation from EBV infected cells, so it is reasonable to speculate that they act together as part of a multiprotein complex at genes they repress.

It is well established that EBNA3A and EBNA3C interact with RBP-JK/CBF1, with the co-repressor CtBP and can co-precipitate histone deacetylases (see 'Introduction' section), but we have to date been unable to show a similar physical interaction with any PRC2 subunits (our unpublished data). Site-specific mutations in EBNA3A and EBNA3C showed their interaction with CtBP is functionally important for the repression of *p16^INK4A^* and efficient transformation of primary B cells ([@gks391-B51]). Data from CtBP-binding mutant viruses in BL31 suggest these interactions also make a contribution to the repression of *BIM* ([Supplementary Figure S7](http://nar.oxfordjournals.org/cgi/content/full/gks391/DC1)). The mechanism of CtBP action in EBNA3A/C-mediated epigenetic repression has not yet been identified. We cannot at this stage say whether EBNA3C is targeted to *BIM* by RBP-JK/CBF1. There is no canonical RBP-JK/CBF1-binding site proximal to the *BIM* TSS. However, if a more flexible interpretation of the required DNA sequence is taken, then there are potential sites both proximally and distally located. High resolution mapping of EBNA3-binding sites by ChIP-seq and/or the construction of viruses expressing EBNA3C (and perhaps EBNA3A) that no longer bind RBP-JK/CBF1 will be needed to resolve this issue.

Because of its potency as an inducer of apoptosis, BIM is a uniquely important tumour suppressor in both mouse and human B cells \[([@gks391-B79]) reviewed in ([@gks391-B80; @gks391-B81; @gks391-B82])\]. Therefore we have previously suggested that repression of its expression by EBV, via EBNA3A and EBNA3C is likely to be a major contributory factor in the pathogenesis of EBV-associated B lymphomas ([@gks391-B52],[@gks391-B53],[@gks391-B83]). Our demonstration that in a number of African EBV-positive BL the CGI around the *BIM* promoter is heavily methylated prompted us to ask whether EBV initially represses BIM expression by manipulating the host polycomb system. This has now been established beyond reasonable doubt. Polycomb-mediated repression is itself relatively stable, is thought to be heritable and can probably create a platform for methyl cytosine-mediated silencing during the development of cancer (see 'Introduction' section). We have demonstrated here that extinguishing EBNA3C function slowly reverses the H3K27me3-mediated repression of *BIM.* However even after more than 30 cell divisions without functional EBNA3C, BIM expression did not appear to return to the level seen in uninfected cells.

Taken together all these data indicate that polycomb-mediated repression of *BIM* plays an important role in the transformation of resting B cells into LCLs, in normal EBV persistence and in increasing the likelihood of B cell lymphomagenesis. EBNA3A and EBNA3C are clearly essential in the process and this is consistent with their abilities to also co-operate in the polycomb-mediated repression of *p16^INK4A^* and to act as oncoproteins. They subvert, by a yet to be determined mechanism, the polycomb system of gene regulation to repress transcription of two very important tumour suppressors whose expression is triggered by activated oncogenes such as *MYC*.
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